Silicon diffusion coating using the powder pack method is effective for improving the corrosion resistance, high temperature oxidation resistance and surface hardness of steel, and a number of studies on silicon diffusion coating have been reported(1)- (5) . However, the conventional use of silicon powder or ferrosilicon powder, alumina powder as a diluent, and a pack material consisting of ammonium chloride as an activator presents a serious problem of porous coating due to non-uniform diffusion(6) present in Fe-Si systems as a primary cause of its limited industrial application. The non-uniform diffusion was found by Smigelskas and Kirkendall (7) , which was elaborated theoretically from self-diffusion and interdiffusion by Darken (8) . In the interdiffusion of an Fe-Si system, for example, the self-diffusion coefficient of Si is significantly larger than that of Fe, Si accompanies vacancy diffusion and thereby forms a region with a high vacancy density after diffusion. Therefore, Nogtev and Koskov(9) added magnesium oxide powder or calcium oxide powder to the pack material to react with silicon powder and form magnesium silicide or calcium silicide. This decreased the number of active Si atoms and minimized non-uniform diffusion, thus allowing the formation of a nonporous treated layer. Shikata and Tajima(10) used Fe-Si-Cr alloy powder (20-30 mass% Si, 30-40 mass% Cr) and alumina powder as a pack material, by which cast iron was treated at 1373K for 14.4 ks, to minimize the amount of Si deposited on the surface. Cr was further dissolved in the treated layer to restrict the diffusion rate of Si, and a nonporous treated layer with 6-11 mass% Si was formed.
The present authors has noted that when a metal oxide is added to a pack material together with an appropriate metal powder acting as a reductant of the oxide, the two elements are diffused simultaneously, and multi-component diffusion coating can take place. For example, titanium dioxide powder and aluminum powder were used as the pack material to enable titanium diffusion coating on steel (11) . Also in the case of silicon diffusion coating, it may be expected that non-uniform diffusion forming porous treated layer can be prevented if Si and Ti are diffused simultaneously by multi-component diffusion coating to restrict the diffusion rate of Si in Fe. Therefore, using silicon carbide powder in place of conventional silicon powder as the supply source of the element to be diffused, and a pack material with titanium added as the reductant of the silicon carbide, silicon diffusion coating was applied to steel, and a nonporous silicon treated layer was formed. The purpose of this experiment is to study the effect of the kinds and contents of diluents and activators in the pack material and the treatment conditions such as temperature on the formation of nonporous silicon diffusion coating.
Commercially available iron (JIS: SPHC) and plain carbon steel (JIS: S45C) were used as experimental materials. Table 1 shows the chemical compositions of these steels. The ed with water proof abrasive paper up to #600 to prepare specimens. For diffusion coating, an alumina crucible with a capacity of 10cm3 was filled with the pack material, and the specimen was embedded in it. The cover of the crucible was sealed with water glass, and the treatment was performed in a purified argon environment. First, a pack material containing conventional silicon powder, alumina powder as a diluent, and ammonium chloride as an activator was used for the treatment, and the treated layer was compared with that formed by using the reduction of silicon carbide powder. The composition of the pack material using silicon powder was selected from the results of preliminary experiments. In this case a thick treated layer and a high average concentration of Si were obtained by use of the pack material consisting of 18 mass% silicon powder, 79 mass% alumina powder and 3 mass% ammonium chloride. Secondly, the pack material for the reduction of silicon carbide contained silicon carbide powder, titanium powder as the reductant, a diluent and an activator.
As the silicon carbide powder, 6H-SiC of 99.0% purity with an the diluent, alumina powder and titanium dioxide powder were dried at 1273K for 10.8ks prior to the treatment. As the activator, calcium chloride, sodium fluoride or potassium fluoride as well as ammonium chloride being conventionally used for diffusion coating was added to the pack material, and the most effective activator was selected. The treatment was performed by heating at a rate of 0.1K/s, holding at 1373K for 10.8ks, and cooling to room temperature in the furnace. The observation of the treated specimens involved the cross-sectional structure using optical microscope, the microhardness profile, the concentration profile using EPMA and the phase identification by X-ray diffraction. The deposition on the treated layer was extracted by the extraction replica method and analyzed by electron diffraction. 1. Structure of treated layer Figure 1 shows the micrographs of the treated layer formed using conventional silicon powder, and those obtained in the present experiment by silicon diffusion coating using the silicon carbide powder. The former layer was very porous, while the formation of pores was completely prevented in the latter layer. The latter layer was divided into the additive layer near the surface and the diffusion layer, interfaced by the surface of steel before the treatment. Figure 2 shows the results of EPMA line analyses of the SPHC treated layer. When conventional silicon powder was used, about 70% of the thickness of the treated layer was porous, and the Si concentration of the remaining treated layer was 6-7 mass%, while in the layer formed by silicon carbide, the Si concentration near the additive layer reached 12-13 mass%. Ti as well as Si was diffused to about half of the treated layer forming intermetallic compounds in places. This Ti was considered to prevent the formation of pores in the treated layer. was extracted by the extraction replica method and subjected to electron diffraction. Figure 5 shows the result, and TiC of the NaCl form was identified.
From the results of EPMA line analyses and identification using X-ray and electron diffractions, the formation of the diffusion layer in S45C was considered as follows: First, when Ti is deposited on the steel surface, it reacts immediately with C in the steel to form TiC. The formation of the intermediate layer of concentrated TiC particles prevents further inward diffusion of Ti, but Si diffuses through the TiC particles into the steel. Because of the diffusion of Si from the surface to the substrate, the is small (12) forming titanium silicide. Figure 6 shows the hardness profiles in the SPHC and S45C treated layers, which are in good agreement with the Si concentration distributions shown in Figs. 2 and 3 . The highest degree of hardness was obtained in both cases in the additive layers, reaching Hv400-500 in SPHC and Hv1250 in S45C due to the formation of titanium silicide.
Mixing ratios of pack materials
The mixing ratios of pack materials required to obtain nonporous silicon treated layers was obtained by the following experiment.
Concerning the silicon carbide powder, titanium powder, titanium dioxide powder used as the diluent and sodium fluoride as the activator (its effectiveness will be reported later in III.3), the contents of three substances were made constant and the remaining one was gradually added to the three. The specimens were treated using the above pack materials, and the optimum mixing ratio was determined from the thickness of the treated layers and the average the surface of the treated layers measured by EPMA.
The results are shown in Fig. 7 . 
Activators
Ammonium chloride which has conventionally been used in diffusion coating, calcium chloride which has been found effective in titanium diffusion coating(11), sodium fluoride and calcium fluoride were selected as activators and added to the pack materials. SPHC was treated by these pack materials, and the effectiveness of the activators was evaluated by EPMA line analyses of the treated layers as shown in Fig. 8 . Fluoride activators provided a thicker treated layer with a higher Si concentration than chloride activators, and in particular sodium fluoride was most effective. 
Diluents
In the present method titanium dioxide was used as the diluent. Alumina, which has frequently been used in diffusion coating did not obtain treated layers with sufficient Si concentrations. Figure 9(a) shows the results of EP-MA line analyses of the layers formed using alumina as the diluent. Alumina was reduced by titanium powder to form Al. When Al thus formed began to diffuse into steel, the diffusion of Si was prevented by Al. As the result, the treated layer became thin and its Si concentration was no more than 1.2 mass%. The following reduction of alumina by titanium powder has been known to be difficult to produce:
However, since the activity of Al lowers with the immediate diffusion of Al into steel as described in the previous paper (14) , this reduction may take place.
Reductants
Inexpensive ferro-titanium powder was also used as the reductant of silicon carbide powder in place of titanium powder.
Since the addition of Ti is reduced by the Fe content in ferrotitanium, more ferro-titanium must be added to make up the shortage.
Consequently, the mixing ratio was decided to be 25 mass% silicon carbide powder, 72 mass% titanium dioxide and 3 mass% sodium fluoride, to which ferro-titanium powder was gradually added, and SPHC was treated with this pack material. From the thickness of the treated layer and the average Si concentration MA, the optimum amount of ferro-titanium was obtained. The results are shown in Fig. 10 . When titanium powder was added, the maximum values of the treated layer thickness and the average Si concentration were observed at 28%, while they were observed at 35% for ferro-titanium. Figure 9 (b) shows the result of EPMA line analysis of the treated layer when ferro-titanium powder was added. Although a nonporous treated layer was obtained by using ferro-titanium, the decrease in the layer thickness and Si concentration compared with that obtained with the use of titanium powder could not be avoided.
Treating temperatures
The effect of temperature on the formation of treated layers was investigated. Figure 11 shows the results of EPMA line analyses of the treated layers formed at various temperatures. Although the thickness of the treated layers and the Si concentration decreased with decreasing temperature, no formation of pores was observed, and the formation of the treated diffused simultaneously by the use of titanium powder. Therefore, the experiment was made using the following pack material. The mixing ratio was obtained from preliminary experiments, and titanium powder was gradually added to a conventional pack material consisting of 18 mass% silicon powder, 79 mass% titanium dioxide powder and 3 mass% ammonium chloride shown in Figs. 1 and 2 . In stead of alumina powder which was used as the diluent as in Figs. 1 and 2 , titanium dioxide powder was employed in this experiment because alumina reduced by titanium as described in III. 4 suppresses the diffusion of Si by the forming of Al. Figure 12 shows the relationship between the mixing ratio of titanium in the pack material and the thickness of treated layers. The thickness of the treated layers decreased linearly as the quantity of titanium powder increased. When the quantity of titanium was small, the treated layer was porous and was readily flaked off. However, when the quantity of titanium powder was increased to 15%, no pores were observed. Figure 9 (c) shows the result of EPMA line analysis of the treated layer formed when 15% titanium powder was added. Although a treated layer in which Si and Ti are diffused was obtained, the layer thickness and the Si concentration were half of those of the treated layers formed using silicon carbide powder. Ti was diffused to about half of the treated layer using silicon carbide powder, while it was Nonporous silicon diffusion coating using the reduction of silicon carbide powder with titanium powder was applied to commercial iron (SPHC) and plain carbon steel (S45C), and the following results were obtained.
(1) The optimum composition of the pack material was found to be in a proportion of 18 mass% silicon carbide, 28 mass% titanium, 52 mass% titanium dioxide and 2 mass% sodium fluoride. When a SPHC was treated at 1373K for 10.8ks using this pack material, a nonporous silicon treated layer was produced, a nd the layer has a thickness of approx. 380 surface.
(2) The treated layer of SPHC was composed of an additive layer and a diffusion layer. The additive layer consisted of Fe3Si, Si 
The maximum hardness of the treated layer was Hv500 at the SPHC additive layer of SPHC and Hv1250 at the S45C additive layer of S45C. (4) For the formation of the nonporous silicon treated layer in this experiment, sodium fluoride was effective as an activator and titanium dioxide as a diluent. When alumina was used as the diluent, it was reduced by titanium to form Al, which suppressed the diffusion of Si.
(5) The formation of treated layers was observed even at a temperature of 1223K.
(6) The cause for the formation of the nonporous silicon treated layer is considered as follows. The Ti which is first diffused in the steel suppresses the diffusion rate of Si which is diffused later and consequently relieves the non-uniform diffusion. Since Ti has a reducing reaction with the silicon carbide powder at the initial stage of the chemical reaction occurring in the pack material, Ti begins to diffuse in the steel while the titanium powder is being consumed for the reduction.
